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[1] A subset of the sinuous ridges (SRs) in the Aeolis/Zephyria Plana (AZP) region of
Mars has been previously hypothesized to be inverted fluvial features, although the precise
induration and erosion mechanisms were not specified. Morphological observations and
thermal inertia data presented here support this hypothesis. A variety of mechanisms can
cause inversion, and identification of the specific events that lead to fluvial SR formation
can provide insights into the sedimentological, geochemical, and climatic processes of the
region. Reconnaissance of two terrestrial lava‐capped ridges suggests some criteria that
may be used to identify inverted fluvial features formed by lava infill on Mars, but these
criteria are not satisfied by the majority of the AZP fluvial SRs. Armoring also appears
inconsistent with terrestrial analogs. Layering and surface textures of fluvial SRs indicate that
themost likely indurationmechanismwas geochemical cementation of fluvial sediments, and
that the primary erosional mechanism that exposed the fluvial SRs was aeolian abrasion.
This analysis of formation mechanism provides a foundation for estimating paleodischarge
using an empirical form‐discharge approach, to which we have applied scaling, for
Martian gravity. For those fluvial SRs meeting a set of criteria for accurate paleodischarge
estimates, paleodischarge values generally range between 101 and 103 m3 s−1. The largest
of these initial estimates are comparable to paleodischarge estimates for some late‐stage
Noachian fluvial channels on Mars, and provide a constraint on the atmospheric conditions
at this equatorial location during the late Hesperian to early Amazonian time frame.
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1. Introduction

[2] At the equator of Mars, between the Aeolis and
Zephyri Plana (AZP), is an extensive population of sinuous
ridges (SRs) [Burr et al., 2006b, 2009; Pain et al., 2007],
the largest and most densely packed cluster of such features
yet documented on Mars. This population is located at the
global dichotomy boundary and concentrated in the two
western‐most lobes of the Medusae Fossae Formation
(MFF) (Figure 1), which are dated to have formed during
the Hesperian to early Amazonia epochs (see references
and discussion from Burr et al. [2009], also Kerber and
Head [2010]). The large majority of these SRs are located
around the edges of the highstanding MFF lobes and trend
from high to low elevations. They have morphologies

consistent with formation by flowing water [Burr et al.,
2009] and are inferred to be inverted fluvial landforms,
although a detailed formation mechanism was not previ-
ously determined. The investigations presented herein build
on prior work to assess the formation mechanism for these
fluvial SRs and provide initial estimates of their paleo-
discharges. The results of the work have bearing on the
equatorial climatic conditions in the late Hesperian to early
Amazonian.
[3] The runoff that formed these fluvial SRs was inferred

to have come from precipitation falling on the MFF during
its emplacement [Burr et al., 2009]. Some of these SRs have
high sinuosities (up to 2.4), implying long‐lived flow. Thus,
paleodischarge estimates provide constraints on the long‐
term atmospheric conditions during SR formation and their
effect on surface morphology and sediment transport within
the western MFF. Paleodischarges have been previously
estimated for inverted [Moore et al., 2003] and normal
negative‐relief fluvial features on Mars [Irwin et al., 2005;
Fassett and Head, 2005] using form‐discharge relation-
ships. The accuracy of paleodischarge estimation based on
relationships between fluvial form and discharge depends
significantly on feature width and wavelength preservation,
which differ with differing inversion mechanisms.
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[4] The present work provides an analysis of the likely
inversion mechanism for the fluvial SRs in the AZP from
morphologic and thermal inertia investigations, followed by
initial estimates based on form‐discharge relationships for
paleodischarge. The work begins with a brief review of the
possible mechanisms for feature inversion and a summary of
the fluvial SR morphologies. This review is followed by a
description of our data and methods for the morphologic
analyses, thermal inertia derivations, and paleodischarge
estimates. Following the methods section, we present our
results for each of these three investigations. Finally, we
discuss implications of this work.

2. Background

2.1. Fluvial Inversion on Earth and Mars

[5] Features are inverted through a process of differential
erosion that occurs when they develop greater resistance
than the surrounding terrain. For fluvial features, this

development may result from infill of the channel and
possibly the surrounding alluvial valley by a resistant
material; on Earth, this material is commonly lava. As a
second possibility, induration may result from cementation
of the fluvial sediments by various natural geochemical
cements, whose formation commonly requires the presence
of water. Inversion of alluvial valleys may occur through
armoring of the valley floors by large‐grained sediments,
which increase resistance to erosion.
[6] Following one of these induration mechanisms, wide‐

spread erosion removes the less resistant material sur-
rounding the paleofluvial features, leaving the features in
positive relief. On Earth, wide‐spread sedimentary erosion is
commonly a result of enhanced entrainment during runoff.
Such enhanced entrainment may be caused by increased
precipitation associated with climate change or by a relative
decrease in base level associated with either tectonic uplift
or base level lowering. During the putatively warm and wet
Noachian Period, fluvial entrainment may have been the
primary mechanism for wide‐spread erosion [e.g., Carr,
1996]. Within the last few billion years of Mars’ history,
in the inferred absence of a global hydrological cycle, wide‐
spread erosion was likely caused by aeolian abrasion [e.g.,
Greeley et al., 2002]. See Pain and Ollier [1995] for a
review of fluvial channel inversion on Earth, and Pain et al.
[2007] for an overview of landscape inversion on Mars.

2.2. Fluvial SR Context and Morphologies

[7] Although the origin of the MFF is still uncertain,
available data are consistent with high porosity volcano-
clastic sediments [Bradley et al., 2002; Hynek et al., 2003;
Mandt et al., 2008; Carter et al., 2009], which would pro-
vide a friable and easily eroded lithologic unit. Regardless of
its origin, the MFF landscape has been heavily eroded, as
indicated by the pervasive yardangs [Ward, 1979; Scott and
Tanaka, 1982; Wells and Zimbelman, 1997; Mandt et al.,
2008]. Thus, the lithologic context for the AZP SRs is
conducive to the wide‐spread erosion that is necessary for
landscape inversion.
[8] The fluvial SRs in the AZP region give specific con-

textual and morphologic indications of having developed
through greater resistance to erosion than the surrounding
terrain [Burr et al., 2009]. The SRs tend to cluster around
and extend outward from the edges of the two MFF lobes,
where they appear to have been exposed through backwasting
and/or downwearing of MFF material. In some cases, SRs
transition from ridges into disjointed, often flat‐topped
knobs, inferred to be a result of advanced aeolian erosion of
an indurated material (Figures 2a and 3c). Although not all
SRs are highstanding (e.g., Figure 3b), most flat SRs have
steep sides up to several tens of meters high, indicative of the
cohesion or strength of the material. This inference from
morphology and context that SR formation has involved
erosion is consistent with previous publications that have
inferred extensive erosion in this region [Irwin et al., 2004;
Mandt et al., 2008, 2009].
[9] In addition to being inverted, many of the sinuous

ridges (e.g., those that extend outward from the edges of the
MFF) are exhumed landforms which have been exposed
through erosion of the MFF. In these cases, the former
drainage basins (or watershed catchments) remain buried. In
other cases, evidence of the former drainage basins has been

Figure 1. Mars Orbiter Laser Altimeter (MOLA) shaded
relief topography with artificial illumination from the upper
right. (top) Regional context with a 10° grid and significant
landmarks labeled in black. The Medusae Fossae Formation
is outlined in black, and the global dichotomy is shown in
white dots. AP = Aeolis Planum, ZP = Zephyria Planum.
(bottom) The two western‐most lobes of the Medusae Fos-
sae formation (MFF), as labeled in white. The black rectan-
gle shows the approximate location of Figure 2a (Area35_H).
White labels indicate the approximate locations of Figure 3b
(23_A), Figure 3c (Area31), and Figure 8 (Area43_C). Areas
with particularly high‐densities of SRs are shaded dark gray,
although SRs are scattered throughout the region. For a fuller
mapping of individual SRs derived from THEMIS visible
wavelength images, see Burr et al. [2009] (Figure 9).
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largely eroded away. GriddedMOLA topography has allowed
for reconstruction of the general source area for one SR net-
work [Burr et al., 2009]. Ongoing inspection of new high‐
resolution images may yield additional clues as to the source
areas for the fluvial SRs.
[10] The AZP SRs have been grouped into five morpho-

logical classes, based on an assessment of shape and relative
size. This assessment was derived largely from SR appear-
ance in visible wavelength images from the Thermal Emis-
sion Imaging Spectrometer (THEMIS) [Christensen et al.,
2003], which provided sufficient resolution to see morpho-
logical attributes and enough coverage to determine local
context. Scattered images from the Mars Orbiter Camera
(MOC) [Malin and Edgett, 2001] and High Resolution
Imaging Science Experiment (HiRISE) [McEwen et al.,
2007] were used where possible to verify features from
THEMIS images.

[11] Three of the five morphologic classes – which
together include over 80% of the tabulated SRs – are inter-
preted as inverted fluvial features of various types [Burr et al.,
2009]. Each of the three fluvial SR types is distinctive in size
and appearance (Figure 2a). Thin SRs (Figure 2b; see also
Figures 3a, 3c, and 8a) display fairly constant widths of order
tens of meters with distance along the ridge and are inter-
preted as inverted fluvial channels. Flat SRs (Figure 2c; see
also Figures 3a and 3b), generally a few hundred of meters
to greater than a kilometer in width, have broadly flat‐
looking upper surfaces, sometimes with sub‐parallel arcuate
lineations; these are interpreted as the meander belts of
inverted floodplains. Multilevel SRs (Figure 2d) show
superjacent thin SRs lying on subjacent flat SRs, and are
interpreted as inverted fluvial channels superposed on
inverted floodplains. Burr et al. [2009] provide an initial
tabulation from THEMIS data of SR location, approximate

Figure 2. (a) Portion of CTX image P02_001870_1748_XN_05S204W showing examples of the vari-
ous morphologies and complex stratigraphy exhibited by SRs in the AZP region. Black boxes indicate the
locations of Figures 2b–2d. Black arrows at lower left point to an example of an SR transitioning into
disjointed knobs. White box shows the approximate location of Figure 3a. In all images, illumination
is from the west (left). For Figures 2b–2d, the black scale bars are each 1 km. (b) Example of a branching
thin SR network (Area35_A) [Burr et al., 2009, Table 1]. (c) Example of a branching flat SR (Area35_E)
[Burr et al., 2009, Table 1]. (d) Examples of two multilevel SRs (Area35_F) [Burr et al., 2009, Table 1].
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elevation, and morphological class; SR identifiers used in
this work are from that table.

3. Methods

3.1. Morphological Analysis

[12] Along with new THEMIS and MOC visible wave-
length images, data from the Context Camera (CTX) [Malin

et al., 2007] and HiRISE reveal additional detail. In this
work, we use available CTX and HiRISE images to assess
fluvial SR morphologies at a range of scales. In addition, we
conducted field investigations of some possible terrestrial
analogs to derive morphologic criteria for determining SR
formation mechanism.

3.2. Thermal Inertia Derivations

[13] Thermal inertia is a function of thermal conductivity,
density, and specific heat capacity [e.g., Kieffer et al., 1977;
Mellon et al., 2000]. For materials of the same composi-
tion, thermal inertia increases with grain size, denser pack-
ing, and/or reduced pore space [e.g., Kieffer et al., 1977;
Mellon et al., 2000; Putzig and Mellon, 2007]. As explained

Figure 3a. (top) Portion of CTX image P02_001870_
1748_XN_05S204W and (bottom) thermal inertia image
from THEMIS night IR image I3132761060 showing part
of a branching multilevel SR network (Area35_H) [Burr
et al., 2009, Table 1]. The majority of the branches have
thermal inertia values that are up to a few hundred tiu higher
than the surrounding terrain. White arrows in the upper left
corners of both images point out thin SRs that are apparent in
the visible wavelength image but not in the thermal inertia
image. The white box highlights an unusual example of
terminal widening, which may be attributable to lava‐infill.
The length scale bar applies to both images. The units on
the color bar scale range from 5 tiu to 380 tiu by 75 tiu per
mark, where tiu (thermal inertia units) are J m−2 K−1 s−1/2.
Illumination for the visible wavelength image is from the
west (left). Figure 3b. (top) Portion of THEMIS visible wavelength

image V05251001 and (bottom) thermal inertia image from
THEMIS night IR image I08078012 showing an isolated
flat SR (Area23_A) [Burr et al., 2009, Table 1], oriented
east–west across the image. Although the inferred SR is
unexhumed or only slightly exhumed from the surround-
ings, it still displays a higher thermal inertia than the sur-
rounding terrain. The length scale bar applies to both
images. The units on the color bar scale range from 5 tiu to
310 tiu by 51 tiu per mark. Illumination for the visible
wavelength image is from the west (left).
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by Christensen [1982], an interpretation of thermal inertia
values cannot be uniquely assigned. For example, the ther-
mal inertia of bedrock lava may be reduced by vesicularity
[Zimbelman, 1986] whereas the thermal inertia of sediments
may be increased by cementation [Mellon et al., 2000], such
that variation in these factors may produce similar thermal
inertia values for different material. The three mechanisms
that can cause increased resistance in channels ‐ chemical
cementation, armoring, and lava infill ‐ would all serve to
increase the thermal inertia values of the channels. Thus,
elevated thermal inertia values, as derived below, provide
support for the interpretation based on morphological and
contextual data of SR formation through inversion.
[14] Nighttime infrared (IR) images are more sensitive to

the thermophysical properties of the surface materials,
whereas daytime IR images are more responsive to insola-
tion [Christensen et al., 2003]. For this work, we examined
THEMIS nighttime (IR) images (res. 100 m px−1) over all
interpreted fluvial SRs to identify SRs with elevated
brightness temperatures, which would in turn indicate ele-
vated thermal inertia values. For those SRs that were
apparent in nighttime THEMIS IR images, thermal inertia
images were created with in‐house ENVI © routines uti-
lizing lookup tables generated by the model of Putzig and
Mellon [2007]. In this method, the corrected radiance from
band 9 (centered at 12.6 mm) is fitted to a Planck curve to
derive nighttime brightness temperature. This brightness
temperature is then correlated with the Putzig and Mellon
[2007] lookup table for the best fitting season, time of
day, latitude, surface pressure, dust opacity and albedo to
arrive at a optimal thermal inertia (see Fergason et al.
[2006] and Putzig and Mellon [2007] for a full descrip-
tion). These thermal inertia images were then queried

manually to estimate the maximum range of values for the
SRs and for the average of the surrounding terrain.

3.3. Paleodischarge Estimates

3.3.1. Approach
[15] Paleodischarge can be estimated directly using

empirical relationships between paleochannel dimensions
and discharge that have been derived for terrestrial rivers and
then scaled for Martian gravity. As the thin SRs are inferred
paleochannels, we adopt this so‐called form‐discharge (or
macro‐scale or hydrologic) approach here for application to
thin SRs. Paleodischarges have been previously estimated
for both positive‐relief (inverted) [Moore et al., 2003] and
negative‐relief (normal) fluvial features on Mars [Irwin
et al., 2005; Fassett and Head, 2005] using this form‐
discharge approach.
[16] Alternatively, various workers have determined meth-

ods for estimating discharge by considering the driving forces
to mobilize sediment in a channel. These relationships depend
on the grain size distribution, channel slope and channel
shape (width and water depth), and have been applied to
inverted terrestrial paleochannels by Williams et al. [2009].
However, this region of Mars is dusty [Ruff and Christensen,
2002], obscuring MFF grain size data from remote observa-
tion. Recent analyses of the MFF suggest that it is a pyro-
clastic flow deposit [Mandt et al., 2008; Carter et al., 2009;
see also Scott and Tanaka, 1982], for which in terrestrial
examples grain size may vary by an order of magnitude [e.g.,
Sparks, 1976]. And slope information in this equatorial region
is low in resolution, although topography may be derived from
stereo CTX and HiRISE images. Because of these current
data limitations, we do not use these micro‐scale or hydraulic
methods for estimating paleodischarge values.

Figure 3c. (left) Portion of CTX visible wavelength image P08_004336_1742_XI_05S208W and (right)
thermal inertia from THEMIS night IR image I32337007, showing multiple thin SRs or erosional relicts
of SRs (Area31) [Burr et al., 2009, Table 1]. The best‐preserved SR is oriented north–south in the upper
center of the image, with an eastern branch that has transitioned into an alignment of small knobs but
which has an equally significant thermal inertia signature (two white arrows). Other SR relicts that are
visible in thermal inertia data are pointed out by black arrows on both images. The length scale bar applies
to both images. The units on the color bar scale range from 5 tiu to 355 tiu by 70 tiu per mark. Illu-
mination for the visible wavelength image is from the west (left).
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[17] The dimensions of meander belts are not directly
related to discharge and so require additional analysis. Thus,
discharges for the flat SRs are not presented here.
3.3.2. Assessment of Feature Preservation
[18] Using the form‐discharge approach, paleodischarge

may be estimated both from channel width and from
meander wavelength. Error is introduced into such paleo-
flow discharge estimates if these measured parameters do
not accurately reflect the paleoflow conditions. The wide‐
spread yardangs of the MFF indicate that the unit has been
heavily eroded by aeolian abrasion [Ward, 1979; Wells and
Zimbelman, 1997; Mandt et al., 2008]. However, the degree
of erosion may be evaluated through morphological study.
[19] Inverted paleochannels in northeastern Utah, United

States, illustrate differences in the preservation morphology

along course depending on the type of channel deposit. Point‐
bar deposits located on the inside of paleochannel inflec-
tions generally eroded to a rounded cross‐sectional shape
with variable width. In contrast, segments of channel fill
have high‐angle sides with relatively constant width [Harris,
1980; Williams et al., 2007, 2009]. These channel‐fill seg-
ments are inferred to represent preservation of the original
channel width. Thus, high‐angle sides and uniform widths
suggest the locations of meander crossings and provide a
qualitative metric for candidate reaches that best provide
accurate paleoflow width data.
[20] For freely meandering river channels, wavelength

provides another parameter from which to estimate paleo-
discharge. Circumstantial observations suggest that the SRs
were freely meandering. The hypothesized fine‐grained

Figure 4. Portions of THEMIS visible wavelength images showing the reaches of the SRs (white ar-
rows) for which wavelength‐to‐width ratios were within ±25% of the terrestrial range of 10–14. In all
images, illumination is from the left (west), and the scale bar is 2 km. (a) Portion of image V19254001
showing the thin SR 34C.a, which forms the superjacent level of a multilevel SR. The subjacent flat SR
is outlined with black dashes. In some locations, the edge of the subjacent flat SR and superjacent thin
SR are coincident. (b) Portion of image V05875001 showing the thin SRs 35E.a. 35E.b, and 35E.c (labeled
in black). These thin SRs form the superjacent level of a multilevel SR network. The subjacent flat SR is
outlined with black dashes, which in some locations, is co‐located with the edge of the superjacent thin SR.
This SR also illustrates the coincidence between the two levels of a multilevel SR, shown, for example,
where the meander loop at the bottom of the image (beneath “reach ‘c’”), though distinctly elongated, re-
mains coincident with the underlying flat SR. (c) Portion of image V18031002 showing thin SR 39C.a.
Despite its appearance in this image, this SR is not classified as multilevel, as a larger view shows that
the seemingly subjacent flat SR seen here (black arrows) is not widely coincident with the thin SR (white
arrows). (d) Portion of image V14986002 showing thin SR 41A.a.
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volcaniclastic sediments comprising the MFF are a reason-
able substrate in which meandering would occur. And the
surface texture of some flat SRs, which show arcuate, semi‐
concentric lineations, are hypothesized to be paleoscroll bars
(point bar ridges) produced during meandering [Burr et al.,
2009]. These inferred scroll bars are not visible on all flat
SRs, nor is evidence of meandering discernable on the
smaller‐scale thin SRs in the Mars Orbiter Camera (MOC)
or available HiRISE images. However, the close planform
coincidence in multilevel SRs between the subjacent flat
SRs and the superjacent thin SRs (e.g., Figure 2d) provides
inferential evidence that the two levels formed through
similar morphological processes, including meandering. The
planform morphology of some thin SRs (e.g., Figure 4b)
is similar to irregular or tortuous meanders [see, e.g.,
Knighton, 1998, Figure 5.18], which may form in the
presence of strong banks. However, tortuous meanders are
not diagnostic of confined meandering, and are not common
among those SRs for which paleodischarge was estimated
(Figures 4a, 4c, and 4d). Thus, some ambiguity exists on the
question of whether (or which) thin SRs meandered freely,

but evidence available to date supports an hypothesis of free
meandering.
[21] While wavelength measurements can be used for

paleodischarge estimation, wavelength also provides a
quantitative criterion with which to assess width erosion.
Meander wavelength is not significantly altered by erosion,
and thus serves as a more unambiguous parameter than
width regarding paleoflow conditions. Terrestrial meander-
ing channels have average wavelength‐to‐width ratios of 10
to 14 [Knighton, 1998, p. 215]. Because width may be
affected by erosion whereas meander wavelength is not,
inverted paleochannels whose widths have been eroded will
have higher than normal wavelength‐to‐width ratios.
[22] Thus, for this work, we assume that the thin SRs

meandered freely, so that the wavelength‐to‐width ratio
provides some indication of erosion. As a criterion for pa-
leodischarge calculation, we used wavelength‐to‐width
ratios of ∼8 to 16 (approximately 25% below and 25%
above the range of terrestrial values). However, for com-
pleteness, we have included thin SRs with wavelength‐to‐
width values greater than ∼16 if they fulfilled all other
criteria. A plot of the wavelength and width data is shown
in Figure 5.
3.3.3. Types of Discharge Calculations
[23] In view of the large uncertainties in estimating paleo-

discharge (discussed in Appendix A), the goal of this work
is to estimate an order of magnitude value for the average
discharges and the channel‐forming flood discharges in
these Martian fluvial landforms.
[24] The particular form‐discharge relationships used in

this work were derived from empirical studies for rivers in
the United States (summarized by Williams [1988]). Both
width and wavelength measurements were used to provide
estimates for average daily discharge, or ‘the steady dis-
charge occurring continuously for an average day of flow’
[Williams, 1988]. On Earth, the average discharge is useful
in representing the amount of drainage basin precipitation
that feeds the river, and so provides a linkage to climate. It is
also the statistical discharge cited most frequently in ter-
restrial studies probably because of ease of estimation
[Williams, 1988].
[25] In addition, both width and wavelength were used to

provide estimates for the channel‐forming flood discharge,
sometimes referred to as the mean annual peak flow, ‘mean
annual flood,’ or dominant flood, and generally supposed to
have a recurrence interval of 1–2 years [Williams, 1988;
Knighton, 1998]. Like the average discharge, this flood
discharge is a statistical value determined from many mea-
surements at a single gauging site. Floods of this mag-
nitude appear to control alluvial channel dimensions, but
limitations to this relationship are noted [Knighton, 1998,
pp.162–167]. The 2‐year flood discharge has been cited in
previous works related to Mars fluvial estimates [Irwin et al.,
2005; Williams et al., 2009], whereas the similar 1.5‐year
flood has been used as the channel‐forming discharge by
other terrestrial workers.
[26] Our use of the 2‐year and 1.5‐year floods does

not imply any particular recurrence interval on Mars. We
use these terms only to denote channel‐forming flood
discharges. The four equations used in this work – based
on width and wavelength and used for the average daily

Figure 5. Plot of average wavelength versus average width
values for the 16 sinuous ridges within the study region for
which paleodischarge values were calculated. Open circles
signify SRs whose wavelength‐to‐width ratio is less than
25% different than the terrestrial value and correspond
to the examples in Table 1 without bolding; solid circles
signify SRs whose wavelength‐to‐width ratio is more than
25% different than the terrestrial value and correspond to the
bolded portion of Table 1. For comparison, a typical ter-
restrial correlation of width and wavelength values is plotted
(solid line) for meandering streams with sinuosity ≥1.2 and
an error envelope (dashed line) of 0.219 log units (Williams
[1986], updated by Williams [1988]). For those Martian
examples that fall outside the terrestrial error envelope, the
assumption that wavelength is better preserved than width
implies that width would have to increase (shift to the right
on the plot) to fit within the terrestrial range. This finding is
consistent with and illustrative that width has been poorly
preserved for the majority of these SRs.
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discharge and the channel‐forming flood discharge – are
discussed in Appendix A.
3.3.4. Scaling for Martian Gravity
[27] Gravity is the driving force in fluvial flow. Thus,

empirical terrestrial relationships used for estimating Martian
paleodischarge are commonly scaled for Martian gravity
[e.g., Komar, 1980; Wilson et al., 2004; Moore et al., 2003;
Irwin et al., 2005, 2008]. Scaling empirical relationships is an
uncertain endeavor, however, because, although the effect of
gravity on sediment transport may be quantified [Kleinhans,
2005;Burr et al., 2006a], the effect of gravity on the empirical
relationships is unknown. Acknowledging this uncertainty,
we have scaled our paleodischarge results for the lower
gravity on Mars, in conformity with commonly accepted
practices. However, if the scaling for gravity is superfluous
when using empirical morphometric relationships, then the
paleodischarge estimates presented in Table 1, which include
scaling for the low gravity on Mars, likely underestimate the
true paleodischarge values.
[28] Discharge is given by the continuity equation, in

which discharge in units of length cubed per time is the
product of flow depth, flow width, and flow velocity. In
estimating extraterrestrial discharges from flow dimensions,
the Darcy‐Weisbach equation is considered most appropriate
for accommodating the difference in gravity [Wilson et al.,
2004]. Setting the continuity equation equal to the Darcy‐
Weisbach equation gives the expression

Q ¼ HWV ¼ HW ð8HgS
,

f Þ0:5; ð1Þ

where Q is the discharge (m3 s−1), H is the flow depth (m),W
is the flow width (m), V is the flow velocity (m s−1), g is
the gravitational acceleration (m s−2), S is the slope (dimen-
sionless), and f is the Darcy‐Weisbach friction factor
(dimensionless). This expression, which assumes steady and
uniform flow, shows that to convey a given discharge in a
channel of given roughness (f) and slope (S) under a lower
gravity regime (g), the flowwidth and/or depth must increase.
Alternatively, for the same channel conditions of width,
depth, slope, and roughness under lower gravity, discharge
decreases.
[29] As stated above, for this study, the dimensions of

interest for estimating paleodischarge are width, W, and
meander wavelength, Lm (Appendix A). Width and meander
wavelength show a power law relationship with an exponent
of 1.03 [Knighton, 1998, Figure 1.2C]. Given this nearly linear
relationship within the regime of interest, the scaling values for
width were also used as the scaling values for wavelength.
[30] The approach used here for deriving these scaling

values is first to determine the factor by which the width
would have to increase under Martian gravity for a given
discharge, and then to substitute that factor into the empir-
ical equations (Appendix A) to determine the factor by
which the discharge would decrease for a given channel
(i.e., given width, depth, slope, and roughness). These fac-
tors may be derived in two ways, either by using dimen-
sionless flow parameters or by manipulation of regression
equations. See Appendix B for these two derivations. The
scaling factors derived from the two approaches are iden-
tical for the daily discharge (equations (A1) and (A3)), and
for the channel‐forming flood discharges (equations (A2)

and (A4)), they differ by ≤20%. These similar results,
given by these two different approaches, suggest their
accuracy. The scaling factors from both approaches are cited
in Table 1 and are propagated through the error analysis (see
section 3.3.6).
3.3.5. Data Collection
[31] THEMIS visible wavelength images (18 m/pix) pro-

vide sufficient resolution to distinguish SR morphology, as
well as reasonable coverage of the region. Collection of data
was a multistep process to ensure that the application of each
equation to each SR was valid. In this process, all 52 thin
SRs and all 27 superjacent thin SRs occurring as the upper
level of multilevel SRs [Burr et al., 2009, Table 1] were
examined to search for possible valid applications. SRs used
in this work are identified following the scheme used by
Burr et al. [2009], in which each image or image mosaic
was identified with a number and each SR network within
that image or mosaic was identified with a letter. Here, a
second lower case letter was appended to the identifier to
designate an individual SR reach within the network.
[32] SRs were first assessed qualitatively for visibility and

preservation. Sufficient shadowing was necessary to discern
SR edges and satisfy the criteria for high angle sides, which
for terrestrial examples from Utah, United States are inferred
to represent well‐preserved reaches of channel fill [Williams
et al., 2007, 2009]. SR continuity was also assessed in order
to identify well‐preserved examples. Because the estimates
were to be based on meander wavelength as well as feature
width, reaches having fewer than one complete wavelength
were excluded from consideration.
[33] Each SR reach was then evaluated quantitatively with

regard to its fitness for generating valid data. SRs for which
width and/or wavelength fell outside the ranges specified for
each of the terrestrial empirical equations (see Appendix A)
were excluded from consideration. Because average mean-
der wavelength was difficult to measure precisely for low
sinuosity reaches, reaches with sinuosities of less than 1.1
were also excluded. In terrestrial studies, a minimum sinu-
osity of 1.5 is often used to define a meander, although this
criterion is somewhat arbitrary [Knighton, 1998]. About
one‐half of our SRs have average sinuosities less than 1.5,
and we have included these cases (down to a cutoff of 1.1)
to provide a larger sample set.
[34] As discussed above, wavelength‐to‐width ratios were

calculated as possible indicators of erosion. Only six of
these SRs have ratio values that are low enough (i.e., less
than ∼16) to be indicative of un‐eroded, meandering rivers,
and paleodischarge estimates for these SRs are therefore
considered to have the highest precision. As discussed
above, paleodischarge values greater than ∼16 were also
included in Table 1 for completeness, but are distinguished
from the other results with bold font. Paleodischarges for
SRs for which wavelengths could not be measured due to
low sinuosity or which do not satisfy other criteria for the
macro‐scale approach are not included.
[35] A total of 16 SR reaches met all of the criteria for

providing reliable paleodischarge estimates. Width data
were collected roughly every 0.5 to 2 km where illumination
and/or shading could be used to discern SR edges. Wave-
length data were collected where a full sinusoidal wave
could be discerned and measured through three mid‐points
of themeander. The data for each SRwere averaged and those
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averaged values are given in Table 1 and shown graphically
in Figure 5. Three of these SRs were for conjoined reaches
within of a single branching network of multilevel SRs
(Area35_E), distinguished in Table 1 with italic font. The
remaining SRs in Table 1, three of which formed the super-
jacent thin SR of a multilevel SR, were all single reaches.
3.3.6. Error Analysis
[36] Two different sources of error introduce uncertainty

into these discharge estimates. The regression equations
have standard error given in percent (see Appendix A). In
addition, error is associated with the collection of the data.
These errors may be combined by addition in quadrature
[Taylor, 1982]. Discussion of this approach is provided in
Appendix C. The results of our error analysis are shown in
parentheses in Table 1.

4. Results

[37] First, we present our results from the thermal inertia
derivation, which support the interpretation of fluvial SR
formation through inversion. Next, we use a morphologic

analysis, based on terrestrial analogs, to infer the likely
inversion mechanism. Then we present the results of our
paleodischarge estimates for thin SRs.

4.1. Thermal Inertia

[38] The overall accuracy of THEMIS thermal inertia is
expected to be 15–20% due to uncertainties in albedo,
slopes, atmospheric pressure, and other factors (see
Fergason et al. [2006] for a full description). This 15–20%
uncertainty was considered the minimum difference
between a given SR and the surrounding terrain necessary to
positively identify an indurated SR. Most SRs are near the
limit of detection at THEMIS spatial scales. The majority
of those detected have consistent thermal inertia values of
250–350 J m−2 K−1 s−1/2 or SI thermal inertia units (here-
after referred to as tiu), with the surrounding terrain having
thermal inertia values several tens (∼40–60) of tiu lower. A
small number of SRs are more thermally distinct, showing
differentials of up to a few hundred tiu from the surrounding
terrain (e.g., Figures 3a–3c).
[39] The MFF is located within the generally dusty

equatorial regions, with moderate to high dust cover as
indicated by dust cover index derived from Thermal Emis-
sion Spectrometer (TES) data [Ruff and Christensen, 2002].
Therefore, the derived thermal inertia values are likely that
of a mixed surface (dust and bedrock), although because of
the difference in resolution between THEMIS (100 m px−1)
and TES (3 km px−1) dust‐free bedrock exposures on the scale
of THEMIS pixels are possible. Consequently, we interpret
the derived thermal inertia to be minimum values for the
material underlying the dust cover.
[40] Flat and multilevel SRs are generally a few hundred

meters or more in width, so all flat and multilevel SRs were
expected to be apparent in night IR images as elevated
brightness temperatures, although this expectation was not
universally born out. Roughly one‐half of ∼70 flat and
multilevel SRs were identified as having values discernibly
higher than the surrounding terrain (Figure 3a). For these
SRs, the elevated thermal inertia values imply an increased
thermal conductivity, specific heat, and/or density over that
of the surrounding materials. This increase in thermo-
physical properties could be an effect of any of the three
possible induration mechanisms, namely, lava in compari-
son with sediments, cemented sediments in comparison with
uncemented sediments, and larger grain sizes in comparison
with smaller grain sizes. Thus, elevated thermal inertia
values support the inference based on morphology that the
fluvial SRs are more resistant to erosion than the sur-
roundings. The remaining half of all flat and multilevel SRs
failed to show discernable difference in thermal inertia
values. In this dusty region, this lack of signal is attributable
to a locally thicker dust cover, although the spatial resolu-
tion of the TES‐derived dust cover index map [Ruff and
Christensen, 2002] in comparison to the size of the SRs pre-
vents easy investigation of this idea.
[41] Although most flat and multilevel SRs stand a few

tens of meters above the surrounding terrain (e.g., Figure 2c),
a few broad and flat‐topped SRs do not stand significantly
higher than the surroundings and were first identified mor-
phologically only through a sinuous pattern on the surface
(Figure 3b). These uninverted or only slightly inverted fea-
tures also show elevated thermal inertia values relative to

Figure 6a. Plan view of the terminus of the Stanislaus
Table Mountain (STM), near 370 30′ N 1200 50′ W, south-
east of Jamestown, California, USA. The direction of inflow
was from the upper right corner; outflow occurred at the
lower left edge (white arrows). The white line (dashed
where approximate) outlines the inferred area of ponding.
The white ‘X’ denotes the location from which the images
comprising Figure 6b were taken looking southwest. The
four‐lane highway in the lower right, labeled ‘108’ provides
an indication of scale. Google Earth imagery ©Google Inc.
Used with permission.
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their surroundings (Figure 3b). Although confined to only a
few examples to date (other candidates include Area23_A
and Area39_A) [see Burr et al., 2009, Table 1], this finding
provides significant evidence to substantiate the hypothesis
that the SRs are more indurated and therefore resistant to
erosion than the surrounding material.
[42] The widths of thin SRs are usually near or below the

limit of THEMIS IR resolution and so are usually not dis-
cernable in thermal inertia images (e.g., Figure 3a, upper
left). However, almost 20% of thin SRs had higher thermal
inertia values than the surrounding terrain (Figure 3c). Even
some thin SRs that transition into disconnected knobs due to
aeolian abrasion also showed higher thermal inertia than the
surrounding terrain (Figure 3c). On their long sides, these
knobs are the equivalent of 2–3 pixels (roughly 200–300 m)
in THEMIS IR images, which is at the discernment limit for
thermal inertia images. Thermal inertia may be elevated in
these cases because of increased induration that creates these
knobs and/or a longitudinal orientation of the knobs, which
would enhance thermal response. Comparison of visible and
nighttime IR images shows that the more extensive cover-
age of IR images, even at lower resolution and longer wave-
lengths, may reveal additional SRs.

4.2. Inversion Mechanism

[43] Inversion occurs through localized induration of the
channel bed followed by regional erosion of the surrounding
terrain.
4.2.1. Induration Mechanism
[44] Each of the three possible induration mechanisms –

chemical cementation, armoring, and lava infill – exhibit
specific morphologies in terrestrial examples. Intercompar-
ison of these terrestrial morphologies with typical fluvial SR
morphologies in the AZP can be used to indicate the most
likely induration mechanism.
4.2.1.1. Lava Infill
[45] The AZP region is bounded on the north by the lava‐

filled Cerberus plains (Figure 1), and so contextually lava

capping may be a viable induration mechanism at least for
those SRs found at lower elevations. Lava‐capped valleys of
Pleistocene age are found near St. George, Utah, United
States [Williams and Irwin, 2009], and lava‐infill of a late
Tertiary paleochannel produced the Stanislaus Table
Mountain (STM) in northern California, United States
[Rhodes, 1980, 1987; Burr and Williams, 2009]. These two
terrestrial examples suggest some criteria for identifying
fluvial feature inversion by lava infill.
[46] Morphologically, these lava‐capped features show

significant variation in width (up to an order of magnitude).
The lava‐capped ridges near St. George show localized
variation in width over short distances and an overall
increase in feature width over baselines of several kilo-
meters, changes hypothesized to have resulted from varia-
tion in the paleovalley shape and lava ponding behind
obstacles [Williams and Irwin, 2009]. Mapping of the STM
[King et al., 2007, Figure 1] shows an overall increase in
width with distance downslope. Field reconnaissance shows
that near the terminus of the mapped flows, an area of
increased width, which has been exposed by modern fluvial
erosion, corresponds to an increase in lava flow depth
(Figures 6a and 6b). From the combination of plan and
profile views, this area of flow expansion is interpreted as a
region where the lava overflowed the channel and ponded
within the surrounding alluvial valley. Another common
morphological indication of lava capping may be columnar
jointing, which is visible both in the St George lava cap
and in the STM latite lava, where it facilitates fracturing
along planes of weakness. Failure along these planes of
weakness produces basal rubble piles of jointed lava up to
several tens of meters in width along the sides of the Table
Mountain (Figures 7a and 7b). Contextually, the lavas that
fill these paleochannels have been traced to local sources.
The STM latite is attributed to the Little Walker caldera
[King et al., 2007], and the lava capping the St George
paleochannels has been traced to cinder cones in the Pine
Mountain Valleys [Biek et al., 2007]. Last, a lava cap

Figure 6b. Mosaic of ground photos showing the profile of the area of terminal widening outlined in
Figure 6a. The white line (dashed where inferred) denotes the approximate contact between the overly-
ing Table Mountain lava and the underlying fluvial sediments. Both the lava and the sediments are cliff‐
formers in this location. White box in lower right shows vehicle (on the shoulder of Tulloch Dam Road),
which gives an indication of scale.
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would be expected to obscure any surface fluvial textures,
e.g., scroll bars.
[47] Few of these morphologic or contextual indications

of lava‐capping are apparent for the inferred fluvial SRs in
the AZP. No obvious volcanic source that could provide
lava capping is visible in available images, although
extensive burial and erosion may have obscured any such
sources. Several flat and multilevel SRs show fluvial tex-
tures in the form of semi‐concentric lineations, inferred to
be scroll bars [Burr et al., 2009], indicating that a surface
fluvial texture has not be obscured by capping lava.
Columnar jointing is discernable in other regions on Mars at
the resolution of HiRISE images [Milazzo et al., 2009], but
is not observed in the AZP SRs in available high‐resolution
images. A limited number of SRs do show significant ter-
minal widening (e.g., Figure 3a) as observed for the STM,
and those SRs may be candidates for lava‐capped inverted
fluvial feature. This bulbous morphology is limited to only
∼5% of the inferred fluvial SRs.
[48] In addition, the observed thermophysical properties

do not appear consistent with lava capping. The SR apparent
thermal inertia values, with the range of ∼100–300 tiu, are
about an order of magnitude lower than what would be
expected for a pristine basalt lava flows (2215) [Fergason et
al., 2006, Table 5]. Dust cover may mask the true thermo-
physical properties of the underlying SR material, reducing
the thermal inertia [Fergason et al., 2006]. However, these
observed low thermal inertia values occur even for SRs with
low dust coverage [Ruff and Christensen, 2002], in southern
portion of AZP (e.g., Area 23_A, shown in Figure 3b).
[49] Thus, on the basis of dissimilar surface texture, dis-

similar SR morphology, apparent lack of a lava source, and

observed thermophysical properties, lava capping appears
an unlikely induration mechanism in general for these
Martian fluvial features. The northern‐most SRs, located on
the volcanic Cerberus plains, may be a lava channel (Area
26) [Burr et al., 2009], and the ∼5% of the fluvial SRs that
have bulbous terminations may have been indurated by lava
capping. Continued examination with new images of the
AZP region may provide evidence of possible lava sources.
For the majority of inferred fluvial SRs (e.g., Figure 2),
however, morphological evidence to support the hypothesis
of lava‐infilling is lacking.
4.2.1.2. Armoring
[50] Another possible induration agent for the fluvial SRs

is coarse‐grained lag deposition or clast armoring. On Earth,
inversion of paleochannels or valleys by armoring appears
less common than by cementation or lava capping, and only
a limited number of examples have been documented in
low‐relief settings. Flooding events in a river system can
produce imbricated clasts and pebble clusters. These deposits
are often preserved in the sedimentary record and serve to
armor the river‐bed [Reid et al., 1997; Jones and Frostick,
2008], although they typically have a non‐uniform distri-
bution along the river‐bed. From the limited terrestrial
examples of inversion due to clast armoring, however, some
fundamental observations may be made with respect to the
AZP SRs.
[51] Armoring has been documented in the eastern United

States. Armored ridges or ‘noses’ found in southwestern
Virginia, United States, are interpreted as paleovalleys or
‘dells’ where boulder deposits have caused topographic
inversion [Mills, 1981, 1990]. These inverted landforms are
located on mountain slopes of a few tens of degrees and
extend several hundred meters in length [Mills, 1981].
Another example of inversion due to armoring was docu-
mented on road cuts near Tucson, Arizona, USA [Osterkamp
and Toy, 1994]. The road cut design slopes were initially 40–
50 degrees, providing the shear stress necessary for coarse

Figure 7a. Plan view of STM near 37° 55′ 40″ N 120°
27′ 40″ W showing collapse of lava along fissures (black
arrows) within the columnarly jointed lava. Illumination is
from the lower right, so much of the basal rubble pile along
the northern side is in shadow. However, a few large slabs
of lava are visible to the upper right of the shadow (white
arrow). White ‘X’ denotes location atop the STM from
which the image in Figure 7b was taken looking west–
southwest. Grey line at upper left denotes a two lane dirt
road (Peoria Flat Road), which gives an indication of scale.
Google Earth imagery ©Google Inc. Used with permission.

Figure 7b. Ground photo of the rounded slabs of lava and
surrounding basal rubble shown in Figure 7a. Tree branch in
the middle is ∼0.3 m in diameter for scale.
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grain transport, although slope reduction during the ongoing
inversion process lowered these angles by roughly 10–20
degrees. The length of the armored section was on the order
of several meters [Osterkamp and Toy, 1994].
[52] In comparison to these terrestrial landforms created

by clast armoring, the MFF slopes that host SRs are con-
siderably less steep, with maximum values of less than a few
degrees as shown by gridded MOLA topography. The
lengths of the SRs are also considerably longer, extending
up to tens of kilometers. Morphologically, the terrestrial
inverted paleovalleys have a broadly sloping or rounded
morphology, whereas the fluvial SRs commonly have sharp
rims and steep sides. In Utah, cemented paleochannels
transition from a flat topped to a rounded morphology, but
these stretches generally occur where the capping cemented
layer has been removed, allowing the underlying sediments
to be eroded [Williams et al., 2009; see also Burr et al.,
2009, Figure 10]. In Oman, coarse gravel deposits create
steep‐sided Plio‐Pleistocene‐age paleochannels, but those
deposits are heavily cemented by calcite precipitated from
groundwater [Maizels, 1987]. Thus, documented terrestrial
examples of armoring without the cohesion provided by
cementation do not show the steep‐sided morphology and
linear extents observed for the fluvial SRs on shallow slopes
in the AZP. The AZP region does host a small number of
rounded SRs, for which hypotheses are discussed by Burr
et al. [2009]. However, for the inferred fluvial SRs, mor-
phological evidence consistent with primary formation by
coarse‐grained sediment armoring is lacking.

4.2.1.3. Chemical Cementation
[53] In comparison with lava‐capping and armoring,

chemical cementation would be best expected to preserve
fluvial sedimentary structures. For example, inverted cemented
paleochannels in Oman and in east‐central Utah have pre-
served their paleopoint bar deposits [Maizels, 1987; Williams
et al., 2007]. The available HiRISE data of thin SRs pro-
vide morphological evidence for cementation of sedimen-
tary layers, including a flat‐topped morphology (Figures 8a
and 8b). The sides of the SRs are generally sloping, but fine‐
scale layering is also visible (Figure 8c). Terrestrial cemented
paleochannels also show a flat‐topped morphology with
sloping sides, caused by the presence of an indurated upper
layer over less indurated sediments [Williams et al., 2007,
2009]. Although fine layers are rarely exposed in terres-
trial examples, the fine layers observed in the AZP SRs are
consistent with episodes of sedimentary deposition involving
liquid water. Conversely, these observations of the SRs are
inconsistent with the lava‐capped terrestrial paleochannels,
which exhibit steep sides without fine‐scale layering and
basal rubble piles of columnarly jointed basalt. Thus, sur-
face texture and morphology as observed in available data
support the hypothesis that fluvial SR induration is a result
of sedimentary cementation. Chemical cementation is generi-
cally regarded as the most likely mechanism for terrain inver-
sion on Mars [Pain et al., 2007].
[54] Cementation can result from various processes,

including degassing, fluid mixing, cooling, evaporation, and
sublimation (see discussion by Pain et al. [2007] and refer-
ences therein). The first three mechanisms would imply a
groundwater source for the paleoflow. Degassing produces
carbonate cements when groundwater with high partial CO2

Figure 8a. Portion of CTX image P03_002279_1737_
XI_06S208W, showing part of Area43_C, a branching net-
work of thin SRs (see Burr et al. [2009, Figure 6b] for an
overall view of the network). The box shows the location of
Figure 8b. The wide‐spread north–south striping is a result
of aeolian abrasion. Illumination is from the west (left).

Figure 8b. Portion of HiRISE image PSP_002279_1735,
showing layering within a tin SR. Black box shows the lo-
cations of Figure 8c.
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pressure discharges into the atmosphere. Fluid mixing causes
cementation through chemical interaction of groundwater
between multiple aquifers. Cooling of deep groundwater as it
ascends to shallower levels may also cause chemical pre-
cipitation. As the water source for the fluvial AZP SRs is
inferred to be rainfall‐runoff [Burr et al., 2009], none of
these three processes is likely to be the primary cementation
mechanism. Cementation through evaporation occurs when
fluids are exposed to an undersaturated atmosphere, such that
evaporative loss of water causes chemical precipitation.
Evaporative loss of near‐surface water from saturated fluvial
sediments would have been possible during the transition
from a humid climate as implied by the SRs themselves to an
arid climate such as prevails today. Slow seepage through the
shallow subsurface or migration of moisture films may also
cause chemical cementation through evaporation. Permit-
tivity values from SHARAD suggest that the upper few
hundred meters of the MFF have a high porosity [Carter
et al., 2009]. In the presence of flowing surface water, this
high porosity material would likely allow either infiltration
and subsequent evaporation, or seepage through the shallow
subsurface. Thus, chemical precipitation due either to flow in
the shallow subsurface and/or evaporative water loss is
considered the most likely mechanism for AZP SR cemen-
tation. The dry areas between the rivers would not have
experienced any infiltration or subsequent evaporation,
so would not have been chemically cemented. The final
cementation mechanism, sublimation, operates in a similar
fashion to evaporation, but requires the transition of pore ice
directly into vapor. The fluvial AZP SRs were formed by

flowing water, not flowing ice (i.e., glaciers), and there is
noticeably little evidence in the region for glacial or peri-
glacial features [Burr et al., 2009]. Thus, this mechanism is
not considered likely, although it is difficult to assess its
occurrence during possible climatic cooling at the cessation
of fluvial activity.
[55] The cementing agent would be difficult to infer from

spectroscopy, given the dust cover over the MFF. Carbonate
cements are common on Earth. Carbonate‐bearing rocks
have only rarely been inferred for Mars where they are dated
to the Noachian or early Hesperian era [Ehlmann et al.,
2008], although the presence of carbonate minerals in the
Martian dust [Bandfield et al., 2003] and the multiple
hypotheses for carbonate formation on early Mars [e.g.,
Niles et al., 2005] may indicate wider‐spread carbonate
source rocks in the past. Silica, iron, and sulfate are preva-
lent in volcanic ash, so silcrete, ferricrete, or sulfate‐rich
cements (such as gypsum or jarosite) could each have rea-
sonably been derived from the putative volcanic ash that
comprises the MFF. Other possibilities include cementing
salts, such as halite, produced during evaporation. Thus, a
variety of viable cementing agents that could have derived
from the SR host rock exist. However, the dust covering
the MFF currently prevents remote determination of the
cementing agent.
4.2.2. Erosion Mechanism
[56] On Earth, the differential erosion of paleochannels

and alluvial valleys that results in terrain inversion is pro-
duced by fluvial erosion and sediment transport. Where
inverted fluvial features become infilled with lava or indu-
rated, continued rainfall‐runoff produces erosion on either
side of the infilled or indurated paleochannel. These twin
lateral channels are the primary cause for the differential
erosion that results in paleochannel inversion and can be
observed in present‐day inverted landscapes on Earth [Pain
and Ollier, 1995].
[57] The western MFF has been inferred to date from the

Hesperian to early Amazonian (see discussion and refer-
ences from Burr et al. [2009], also see Kerber and Head
[2010]). Thus, based on their location within the western
MFF, the fluvial features that became the SRs are inferred to
have originally formed during this time. The fluvial phase
and the subsequent erosion phase could have occurred close
in time. Alternatively, the two phases could have been
distinctly separated in time, with the fluvial phase occurring
in the late Hesperian and the erosional phase occurring
during the early Amazonian or possibly later.
[58] Whether the erosional phase occurred in the Hespe-

rian or Amazonian Periods, the erosional process is unlikely
to have been rainfall‐runoff as on Earth. The putative
rainfall that formed the Noachian‐aged valley networks did
not extend to the late Hesperian or early Amazonian [Carr,
1996], and twin lateral channels are not apparent. A few
small, negative relief troughs are visible in the MFF in and
around some SRs [see, e.g., Burr et al., 2009, Figure 4].
These troughs may indicate fluvial flow subsequent to SR
formation, so some additional erosion might have been
caused by fluvial entrainment and transport. However, these
possible fluvial channels have been observed only in very
limited and scattered locations.
[59] The Amazonian Period is widely characterized by

aeolian processes, and by an absence of rainfall or sustained

Figure 8c. Portion of HiRISE image PSP_002279_1735,
showing thin layering within the SR. The flat‐looking layers
below the SR are distinct in appearance from the cliffs and
rubble piles of columnarly jointed basalt observed around
lava‐capped channels on Earth.

BURR ET AL.: INVERTED FLUVIAL FEATURES IN THE AZP E07011E07011

14 of 20



fluvial activity. In particular, the meso‐scale ellipsoidal
landforms that pervade the MFF are interpreted as yardangs,
which form through aeolian abrasion [Ward, 1979;Wells and
Zimbelman, 1997; Mandt et al., 2008]. High‐resolution
images show SRs transitioning into disjointed knobs (e.g.,
Figures 2a or 3c), which in consonance with the interpreta-
tion of the MFF morphology, were inferred to be a result of
aeolian abrasion [Burr et al., 2009]. Given the presence of
yardangs throughout the western MFF, including their close
proximity to SRs (see, e.g., Figure 8a), we infer aeolian
abrasion to be the primary mechanism for the differential
erosion necessary to have exposed the SRs.

4.3. Paleodischarge Calculations

[60] For the 16 thin SR reaches for which discharge values
were estimated, the average daily discharge with error es-
timates ranged from 2 m3 s−1 to 244 m3 s−1. The average
value is 59 m3 s−1, an update from the value provided by
Wendell et al. [2008]. The estimated discharges for the
channel‐forming flood ranged from 83 m3 s−1 to 1467 m3

s−1 including error, with an average value of 431 m3 s−1.
Table 1 lists the numerical values and Figure 9 provides a
graphic presentation of the individual results.
[61] In the large majority of cases, the average paleo-

discharge values estimated from the two different mea-
surements – width and wavelength – are within a factor of a
few. In 11 of the 16 cases, the paleodischarge value esti-
mated from width measurements was less than the value

estimated from wavelength measurements, and the average
value estimated from width is only one‐third of the average
value estimated from wavelength. This discrepancy might
reasonably be caused in part by an unknown amount of
erosion of SR width, with the wavelength estimates pro-
viding the more accurate result. We note, however, that all
five of these cases in which width‐derived values exceed
wavelength‐derived values are considered higher precision
reaches (i.e., having wavelength‐to‐width ratios within ∼50%
of the terrestrial average).
[62] A noticeable difference exists between average pa-

leodischarge estimates for SRs having a wavelength‐to‐
width ratio within ±25% of the average terrestrial range of
values (denoted without bolding in Table 1; see Figures 4
and 5) and those outside this envelope (denoted by bold-
ing in Table 1). Among the former, the percentage differ-
ence in discharge estimates calculated from width and from
wavelength ranges ±6% to 23%. Among the latter, the
percentage difference in discharge estimates calculated from
width and from wavelength ranges from ±19% to 41%. In
other words, the discharge estimates derived from SRs with
wavelength‐to‐width ratios similar to terrestrial ratios clus-
ter more tightly than the discharge estimates derived from
SRs with larger wavelength‐to‐width ratios. Inasmuch as
the increased clustering implies increased precision, this
result suggests the utility of using the wavelength‐to‐width
ratio as a criterion for evaluating erosion.

Figure 9. Plot of the paleodischarge estimates shown in Table 1. Two values exist for each of the four
paleodischarge types (average or flood, width‐derived or wavelength‐derived) as a result of two different
scaling approaches. In general, the wavelength‐derived estimates are higher than the width‐derived
estimates, suggesting that the width measurements may have been affected by erosion. However, the five
identifiers for which the width‐derived estimates are higher have wavelength‐to‐width ratios similar to
(uneroded) terrestrial ratios.
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[63] Because of their different recurrence intervals
(2‐year versus 1.5‐year), direct comparison between the
channel‐forming flood values derived from the SR width
(equation (A2)) and the channel‐forming flood values derived
from SR wavelengths (equation (A4)) cannot be made.
However, the former should all be larger than the latter,
because 2‐year floods should be larger than 1.5 year floods.
However, this relationship is true in only one‐quarter of the
cases (Table 1). An unknown amount of erosion associated
with width could account for the smaller channel‐forming
flood values derived from width, despite our efforts to screen
out highly eroded SRs through use of a wavelength‐to‐width
ratio criterion. The terrestrial recurrence intervals for these
two channel‐forming floods do not imply any particular
recurrence interval for channel‐forming floods on Mars.

5. Summary and Implications

[64] In this work, we present an analysis of the formation
mechanism for the inferred fluvial SRs in the AZP region,
located largely within the western MFF. Morphological
comparison with terrestrial analogs and thermal inertia data
of the fluvial Martian SRs support a previous hypothesis
of inversion, involving induration of fluvial channels and
meander belts followed by subsequent erosion of the less
resistant surrounding terrain as the primary formation
mechanism for the thin, flat, and multilevel SRs. Surface
sedimentary structures and fine‐scale layering suggest that
for the large majority of examples, induration occurred
through cementation of fluvial sediments. In contrast,
columnarly jointed basalts, basal rubble piles and other
evidence for lava infill are not discerned, although a few
SRs with bulbous terminations may be candidates for lava
capping. Nor are morphological attributes consistent with
terrestrial examples of induration through clast armoring.
Thermal inertia values for about one‐half of all flat and
multilevel SRs are elevated by a few tens of tiu up to a few
hundred of tiu over values for the surrounding terrain, con-
sistent with the hypothesis that the SRs are composed of more
indurated material than the surrounding terrain. However, not
all flat and multilevel SRs have noticeably higher thermal
inertia values, attributable either to a heterogenous dust
cover or to variation in the thermophysical properties of
the SRs. Some thin SRs, eroded into an alignment of dis-
jointed knobs, are near the spatial resolution of the IR
images, yet are nonetheless distinct in thermal inertia data.
Enhanced cementation and/or orientation may be the causes
for these elevated temperatures.
[65] The exact nature of the chemical cements is currently

unknown. The most likely candidates – silcrete, ferricrete, or
evaporatic duricrusts – all involve the presence of water,
although the role of water differs in each case. This chemical
cementation is hypothesized to have resulted either from
slow groundwater seepage through and/or evaporation from
the fluvial sediments. Following induration by chemical
cementation, these paleochannels and floodplains were
likely exposed primarily by aeolian abrasion of the less
indurated surrounding MFF, although some erosion may
have been effected by limited fluvial processes. Thus, the
Aeolis/Zephyria Plana fluvial SRs were most likely pro-
duced through induration by chemical cementation and

subsequent erosion by wind, in agreement with the con-
clusion of Pain et al. [2007].
[66] Measurements of width and wavelength for well‐

preserved thin SRs yield paleodischarge estimates through
use of empirical relationships for terrestrial rivers scaled for
Martian gravity. In view of the extensive erosion of the
MFF, the ratio of wavelength‐to‐width was used to exclude
excessively eroded SRs from paleodischarge estimates. In
about one‐half of the cases, the channel‐forming 2‐yr‐flood
values estimated from empirical relationships based on
width, are less than the channel‐forming 1.5‐yr‐flood values
estimated from empirical relationships based on wavelength.
In a flood series record for any given river, the 2‐year flood
value should necessarily always exceed the 1.5‐year flood
value. Thus, this comparative result suggests that erosion
may indeed have affected (reduced) SR widths, so that our
paleodischarge estimates based on widths may be minima.
This comparative result also points to the importance of
applying some criterion, such as terrestrial‐like values for
wavelength‐to‐width ratios used here, for assessing erosion.
However, for any given SR, a lower number of wavelength
measurements are generally possible, especially in heavily
eroded landscapes like the MFF, because of limited feature
preservation. This lower number of measurements yields
greater errors for paleodischarge estimates based on wave-
length measurements than for those based on width mea-
surements. This fact provides another consideration during
collection of data from inverted or exhumed paleochannels
for paleodischarge estimation.
[67] For those SRs meeting a set of criteria for paleo-

discharge estimates, our initial formative flood paleo-
discharge values generally range between 101 to 103 m3 s−1.
The higher of these values are comparable to paleodischarge
estimates for floods that formed late‐stage Noachian fluvial
deposits and valley networks on Mars [Moore et al., 2003;
Irwin et al., 2005]. As the MFF is age‐dated as late Hes-
perian to early Amazonian, this comparison indicates that at
least within this region, fluvial processes sometime during
this age‐range were similar in magnitude to fluvial pro-
cesses in the late Noachian.
[68] The erosive environment in which these SRs exist

today largely precludes information on drainage areas;
likewise, for the SRs for which we estimate paleodischarge,
significant areal sediment deposits are not apparent. Thus,
information is lacking with which to estimates flow duration
for these fluvial SRs. However, the high sinuosity of some
these SRs (three examples have sinuosities of ∼2 or above)
suggests flow at least on the time scale of a few years. Data
indicate that terrestrial point bars require ≥102 years to form
[e.g., Hickin, 1974; Rodnight et al., 2005; Tooth et al.,
2009], although in rivers with steeper gradients point bars
may form within a few years. MOLA data over a limited
number of SRs [e.g., Burr et al., 2009, Figure 7] indicate
that SR gradients today are generally low (0.001 to 0.005).
Given a similar rate of sediment entrainment and transport
on Mars as on Earth [Komar, 1980; Burr et al., 2006a], the
inferred relict point bars preserved on the surface of flat
SRs connote a similar duration of flow. The complex
stratigraphic relationships and wide elevational range (over
3500 m) [Burr et al., 2009] of the fluvial SRs suggest that
this aqueous formation process operated over an extended
period of time. They also imply continual fluvial activity
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during emplacement in this region of the MFF. This pop-
ulation of SRs extends over an area of close to 200,000 km2,
although SR density varies considerably within this area
[Burr et al., 2009]. Thus, these SRs provide evidence for
precipitation runoff and fluvial activity continually, though
possibly episodically, over 101 to 103 years and over a
significant geographic area. This result provides impor-
tant information on the atmospheric and climatic conditions
at this equatorial location around the Hesperian‐Amazonian
transition.
[69] Future work will expand these initial estimates.

Paleodischarges will be estimated for other fluvial SRs,
namely, flat SR, interpreted as inverted floodplains. The
approach used in this initial work is applicable only to
discrete river channels, hence, the focus of this work only on
well‐preserved thin SRs. For meander belts, paleodischarge
estimates may be derived [Williams, 1988] through the use
of high‐resolution data to accurately determine meander
dimensions [e.g., Brookes, 2003]. Future work will utilize
high‐resolution images in order to derive paleodischarges
for flat SRs. In cases of multilevel SRs, thin SRs superposed
upon flat SRs, the comparison of paleodischarge values for
the sub‐ and the superjacent SRs will provide an indica-
tion of change in flow conditions with time, with implica-
tions for climatic processes in the Hesperian to Amazonian
epochs.

Appendix A: Terrestrial Form‐Discharge
Relationships
A1. Average Daily Discharge and Channel‐Forming
Flood Discharge Estimates Based on Width

[70] For 252 sites on rivers in the Missouri River basin in
the west‐central United States, Osterkamp and Hedman
[1982] derived discharge relationships as a function of
channel dimensions. The relationship between channel
width and discharge was determined to be

Q ¼ 0:027W 1:71
b ; ðA1Þ

where Q is the average daily discharge in m3 s−1 and Wb is
the (bankfull or active) channel width in meters [Osterkamp
and Hedman, 1982, Table 3]. This equation was derived at
sites with widths between 0.8 m and 430 m, so that this
range of widths is a criterion for valid use of this equation.
The standard error for this equation is 79%. This equation
provides the simplest relationship between average daily
discharge and width, having been derived for bed and bank
material of various sizes.
[71] In the same study, the relationship between channel

width and the channel‐forming flood discharge (in this case,
of the 2‐year flood) was derived as

Q2 ¼ 1:9W 1:22
b ; ðA2Þ

where Q2 is the biannual flood discharge in m3 s−1

[Osterkamp and Hedman, 1982, Table 3]. Derived from the
same 252 sites, this relationship likewise applies to channel
widths in the same range and to a variety of bed and bank
material sizes [Osterkamp and Hedman, 1982]. The stan-
dard error for this equation is 109%.
[72] For both the average discharge and the channel‐

forming flood discharge, more precise correlations were

derived based on bed and bank sediment size, although the
standard error was not noticeably decreased for all sediment
sizes [Osterkamp and Hedman, 1982]. Given the current
uncertainties in MFF grain size, application of these more
precise relationships is not warranted here.

A2. Average Daily Discharge and Formative Flood
Estimates Based on Meander Wavelength

[73] In addition to width, meander wavelength can also be
used to estimate both an average discharge and a formative
flood discharge (summarized by Williams [1988]). Using
wavelengths to estimate discharge provides a check on the
discharge estimates derived from channel widths. Carlston
[1965] examined the relationship between meander wave-
length and discharge for 31 rivers located mostly in the
central United States. The relationship between the meander
wavelength and the average discharge was calculated as

Q ¼ 0:000017L2:15m ; ðA3Þ
where Lm is the meander wavelength in meters (Carlston
[1965], modified by Williams [1984]). The applicable
range of Lm values for which this equation was derived and
to which it may be applied is 145 m to 15.5 km. The
standard error is 26%.
[74] For estimation of a channel‐forming flood discharge,

the correlation with meander wavelength for 28 river
reaches in the central U.S. is given as (Carlston [1965],
modified by Williams [1984])

Q1:5 ¼ 0:011L1:54m : ðA4Þ
In this instance, the channel‐forming flood discharge was
taken by Carlston as the 1.5‐year flood, or the maximum
flood with an average recurrence interval of eighteen
months. As with the previous equation from Carlston
[1965], the applicable range of Lm values for this correla-
tion is 145 m to 15.5 km. The standard error is 41%.

Appendix B: Scaling for Martian Gravity

[75] We present two different techniques to scale these
terrestrial empirical equations for Martian gravity. The close
similarity of the results from the two methods suggests the
correctness of those results.

B1. Dimensionless Flow Parameters

[76] Flow parameters may be rendered in dimensionless
form through a dimensional (or units) analysis approach.
For example, flow width may be rendered dimensionless
through multiplication by gravity to the one‐fifth power and
division of discharge to the two‐fifths power [Parker et al.,
2007]. An analysis of data from gravel bed terrestrial rivers
involving dimensionless flow parameters suggests that
width scales with gravity to the −0.233 power [Parker et al.,
2007, equation (13)], so that

WET

WE
/ gET

gE

� ��0:233

; ðB1Þ

where subscripts ET and E denote extraterrestrial and Earth,
respectively. Moving from terrestrial to Martian gravita-
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tional acceleration, the amount by which W (or Lm) should
be increased for a given discharge is (gMars/gEarth)

−0.233 =
(3.7/9.8)−0.233 = 1.25. This increase in width by 1.25 times
the original width may then be inserted into the empirical
equations to derive the scaling factors for the discharge [cf.
Moore et al., 2003].
[77] For example, inserting a factor of 1.25 for the width

into equation (A1) gives

Q ¼ 0:027 1:25Wð Þ1:71¼ 0:027 1:25ð Þ1:71W 1:71 ðB2Þ

Q 1:25ð Þ�1:71¼ 0:027W 1:71: ðB3Þ

On the basis of this reasoning, Q values in Table 1 derived
using equation (A1) are scaled using this first approach by
(1.25)−1.71 or 0.68. By analogous reasoning, the scaling factor
for equation (A2) is (1.25)−1.22 or 0.76. The scaling factor for
equation (A3) is (1.25)−2.15 or 0.62. The scaling factor for
equation (A4) is (1.25)−1.54 or 0.71. These scaling factors are
listed in Table 1.
[78] The basis for this scaling is a data set collected from

gravel bed rivers [Parker et al., 2007]. As the grain size of
the material in the MFF is hypothesized to be finer‐grained
volcaniclastic sediments, this use of data from river beds
with larger grains may introduce some error into these esti-
mates. However, this approach is used as an additional
method for deriving scaling values and the close agreement
between these scaling factors and those derived immediately
below suggests the viability of the results.

B2. Manipulation of Regression Equations

[79] An alternative approach to scaling for Martian gravity
involves manipulation of regression equations [cf. Irwin et
al., 2008]. Regression equation manipulation is demonstra-
bly erroneous when the equations are inverted to solve for
the independent variable [Williams, 1983]. However, rear-
rangement and recombination of the parameters can provide
some indication of their relative importance. Setting each
empirically derived terrestrial expression for discharge equal
to the Darcy‐Weisbach equation allows for determination of
the factor by which width must increase under reduced
gravity. As with the first approach, this factor can then be
substituted back into the empirical expression to yield the
overall scaling factor for discharge.
[80] For example, setting equation (A1) equal to the

Darcy‐Weisbach equation (equation (1)) gives

H1:5W 8gS

,
f

 !0:5

¼ 0:027W 1:71: ðB4Þ

For a given channel, i.e., S, g, and f are constant, the rela-
tionship between H and W is

H1:5 ¼ kW 0:71; ðB5Þ

where the generic coefficient k incorporates all the constants
in the equation. Therefore,

H / W 0:47 ðB6Þ

so that from substitution of this proportionality back into the
Darcy‐Weisbach equation

Q ¼ kW 0:47
� �1:5

W 8gS

,
f

 !0:5

¼ kW 1:71g0:5: ðB7Þ

Thus, a reduction in g from terrestrial toMartian values would
decrease Q by (3.7/9.8)0.5 or 61% of its terrestrial value. To
fully compensate, the expression ofW in equation (A1) would
need to increase to 161% of its terrestrial value

W 1:71 ¼ 1:61 ðB8Þ

W ¼ 1:611=1:71 ¼ 1:25: ðB9Þ

Therefore, when using equation (A1), W on Mars must
increase by 1.25 times its terrestrial value for a given Q.
Conversely, Q must decrease by the same factor for a given
expression ofW. That this factor of 1.25 is the same value as
derived from the first approach appears to be coincidence, and
applies only to equation (A1). This factor leads to the same
calculations shown in equations (B3) and (B4), so that Q
values in Table 1 derived using equation (A1) are scaled by
1.25−1.71 or 0.68. By analogous reasoning, the scaling factor
for equation (A2) is derived from (1.61)1/1.22 = 1.48, and
(1.48)−1.22 = 0.62. The scaling factor for equation (A3) is
derived from (1.61)1/2.15 = 1.24, and (1.24)−2.15 = 0.63. The
scaling factor for equation (A4) is derived from (1.61)1/1.54 =
1.36, and (1.36)−1.54 = 0.62. These scaling factors are listed
in Table 1.

Appendix C: Error Analysis

[81] Two different sources of error introduce uncertainty
into these discharge estimates. The regression equations
have standard error given in percent (see Appendix A). This
percent standard error characterizes the unexplained devia-
tion of the actual value of the dependent variable from its
expected value based on the regression function. In other
words, the standard error quantifies the scatter of the data
around the empirical fit. The percent standard error was
multiplied by each paleodischarge estimate in order to
characterize the error in each estimate.
[82] Error is also associated with the collection of the

width and wavelength data. We attempted to minimize these
errors and improve accuracy by taking multiple measure-
ments where possible and averaging them. In such cases,
this measurement error was taken as the standard deviation
of the mean (SDOM), or the standard deviation of the
measurements divided by the square root of the number of
measurements [Taylor, 1982]. Width measurements for each
SR ranged in number from 6 to 16. Reliable wavelength
measurements for each SR were more difficult to find, as
they required a longer section of the SR to be well pre-
served. In some cases, only one wavelength measurement
per SR was possible. Data were taken only on images in
which the SRs could be seen clearly (i.e., the SRs were not
obscured by atmospheric dust, poor contrast, or other causes
outside of geologic considerations), and only well‐preserved
SRs were measured as discussed above. Thus, for those SRs
with only a single measurement, we consider the measure-
ment error to be within one pixel at either end of the mea-
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surement, or 36 m. However, we note that a measurement
error of 36 m is in all cases lower than the SDOM for
wavelength (Table 1), suggesting that using this approach
may underestimate the actual error. To estimate paleo-
discharge error, we used standard methods for propagation
of uncertainty, taking the derivative of the discharge equa-
tions with respect to width/wavelength and multiplying by
the measurement error [Taylor, 1982, p. 62].
[83] The total error from multiple sources may be calcu-

lated using addition in quadrature, or as the square root of
the sum of the squares [Taylor, 1982]. For equations (A1)
and (A2), the percent standard errors are 79% and 109%,
respectively. Based on the number of width measurements
(between 6 and 16) per SR, the paleodischarge error is in all
cases less than a few percent. Thus, for equations (A1) and
(A2), the total error is dominated by the percent standard
error of the regression equations. For equations (A3) and
(A4), the percent standard errors are 26% and 41%,
respectively. For these equations, which are based on
wavelength, the paleodischarge error tends to be higher
because fewer wavelength than width measurements were
possible. Thus, for equations (A3) and (A4), the total error
tends to be more evenly divided between the percent stan-
dard error of the regression equations and the measurement
error. Finally, this total error is multiplied by the appropriate
scaling factors to convert to Martian conditions. The results
are shown in parentheses in Table 1.
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